Cellulolytic and xylanolytic activities among genera of anaerobic fungi when grown on glucose, xylan and the cellulosic substrates, filter paper and Avicel were compared. All the fungi had basal extracellular fibrolytic activities that could be enhanced by growth on xylan or the cellulosic substrates. However, Piromyces communis strain 22 and Neocallimastix patriciarum strain 27 had substantially greater levels of fibrolytic activity than Orpinomyces joyonii strain 19-2 or Neocallimastix frontalis strain RE1. Zymogram analysis suggested both structural and regulatory differences amongst the enzyme systems of the fungi. Numerous and varied enzyme bands were evidenced for all the fungi, with substantial substrate influences seen in the xylanase activities. Most commonly the smaller molecular weight bands, found exclusively extracellularly, appeared under the greatest regulatory control. Endoglucanase activities of P. communis and O. joyonii demonstrated similar regulatory control, while those of the two Neocallimastix strains did not appear to exert such control. These results suggest that while the enzymatic activities are functionally similar, there are likely significant variations in the enzyme systems of the anaerobic fungi.
Introduction
Anaerobic fungi inhabit the alimentary tracts of ruminants and non-ruminant hindgut fermenters [1] . These chytridiomycetes have been assigned to a number of different genera, including Neocallimastix, Caecomyces, Piromyces, Anaeromyces, and Orpinomyces [2] . While these genera are differentiated on morphological and ultrastructural characteristics, biochemically they are generally considered to be quite similar [1] . As a group, ruminal fungi are able to ferment a wide range of soluble carbohydrates [3] and cereal grains [4] . Within the rumen, however, they are considered to be involved in the digestion of the most recalcitrant substrates, such as plant cell walls [1] .
Anaerobic fungi possess high cellulolytic and xylanolytic activities [5, 6 ] that have generated considerable interest in their enzyme systems. These enzyme systems appear quite complex and multiple cellulolytic isozymes have been demonstrated [7, 8] . However, there are conflicting reports regarding the degree of similarity of enzyme systems among the anaerobic fungi [9, 10] . Williams et al. [10] reported no differences among genera in cellulolytic and xylanolytic enzyme profiles as measured by activity assay, although the level and regulation of activity differed among strains. However, isozyme analysis [9] has identified variations in the isozymes among anaerobic fungal species.
Differences in cellulolytic activities between Piromyces and Neocallimastix species have also been demonstrated [6] , as have differences in the amylolytic and proteolytic activities of Orpinomyces joyonii, Neocallimastix patriciarum, and Piromyces communis [11] . Furthermore, the varied native endoglucanase banding patterns exhibited by a Neocallimastix frontalis strain when grown on different substrates [12] , were not observed for a Piromyces sp. under denaturing conditions [7] . Similarly, xylanase activity has been reported as both extracellular, for a N. frontalis isolate [12] , and cell-associated, for Neocallimastix hurleyensis [13] . Enzymatic differences among genera in response to growth substrate have also been reported. N. hurleyensis displayed more xylanolytic activity when grown on xylan as compared with microcrystalline cellulose (Avicel) [13] , whereas a Piromyces sp. displayed more xylanolytic activity when grown on filter paper cellulose than on xylan [7] .
With recognition of the commercial potential and ongoing molecular studies of the fibrolytic systems of anaerobic fungi [14] [15] [16] some direct comparison of their fibrolytic systems will provide valuable information in this area. This may be especially applicable given the differences observed among the ruminal fungi in other enzyme systems [11] . In this paper we describe the production of endoglucanase and xylanase activities by N. frontalis, N. patriciarum, P. communis and O. joyonii isolates under identical growth and experimental conditions.
Materials and Methods

Organisms and culture techniques
Anaerobic fungi used were Orpinomyces joyonii strain 19-2, Neocallimastix patriciarum strain 27, Neocallimastix frontalis strain RE1, and Piromyces communis strain 22. All strains were obtained from the Lethbridge Research Centre Culture Collection.
Fungi were maintained anaerobically on semidefined medium B [17] containing 0.25% (w/v) glucose, subculturing every three days to maintain viability. A 72 h culture was used as inoculum (10% v/v) for the triplicate cultures of each time point in the experiment. Four carbon sources were used in the experiment; 0.2% (w/v) glucose, 0.2% (w/v) oat spelts xylan (Sigma Chemical Co., St. Louis, MO), 0.2% (w/v) Avicel (microcrystalline cellulose, PH105, FMC Corporation, Philadelphia, PA) and 1 cm 2 pieces of Whatman No. 1 filter paper (Whatman Limited, Maidstone, U.K.) in 4.5 mL of semi-defined medium B. All measurements were done in triplicate.
Enzyme preparation
At 48, 72 and 96 h cultures were centrifuged (15 600 ϫ g, 5 min) to separate the extracellular and particulate fractions. Particulate fractions were washed once with 4 mL of potassium phosphate buffer (0.1 M, pH 6.8) and recentrifuged. Resulting pellets were resuspended and sonicated in 5 mL of the buffer to prepare the cell-associated fraction. All fractions were stored at -20°C until analysis.
Enzyme assays
Endoglucanase activity was measured as described previously [18] . Endoglucanase activity was expressed against a standard curve of commercial cellulase from Penicillium funiculosum (EC 3.2.1.4; Sigma; one unit liberates 1 µmol glucose/h from cellulose under Sigma conditions) and defined as units of commercial cellulase/mL/h incubation. Only the protein concentrations in the cell-associated fractions were determined [19] due to the high level of background protein from the casein in the media in the extracellular fractions, as has previously been found elsewhere [10] .
Xylanase activity was similarly measured using the soluble chromogenic substrate remazol brilliant bluexylan [20] . Extracellular or cell-associated fractions (0.1 mL) were mixed with 0.1 mL of substrate solution (10 mg/mL in 50 mM sodium phosphate buffer pH 6.5). Samples were incubated for 30 min at 39°C, with the reaction being stopped by the addition of 0.8 mL of an ethanol-acetone mixture (4:1, v/v). Samples were allowed to stand at room temperature for 30 min and then centrifuged (15 600 ϫ g, 5 min) to remove the precipitate. The A 595 of the supernatant was measured spectrophotometrically (Gilford Instrument Laboratories, Inc., Oberlin, OH). Xylanase activity was expressed against a standard curve of commercial xylanase from Trichoderma viride (EC 3.2.1.8; Sigma; one unit liberates 1 µmol xylose equivalent/min from xylan under Sigma conditions) and defined as units of commercial xylanase/mL/h incubation.
Zymograms
Zymograms were done according to the general procedure of Flint et al. [21] to allow the visualization multiple isozymes and crude determination of molecular weight. Gels for the separation of the enzymes were prepared according to Laemmli [22] . The stacking gel was 4% polyacrylamide. The separating gel contained 10% polyacrylamide with either 0.5% carboxymethylcellulose (Sigma) or 0.5% oat spelts xylan (Sigma) added prior to polymerization. Samples were denatured at 95°C for 5 min with sodium dodecyl sulfate and 2-mercaptoethanol. After electrophoresis, the gels were washed in 1% Triton X100 (v/v, 3 ϫ 200 mL at 20 min/wash), soaked in phosphate buffer (50 mM, pH 6.5) to allow renaturation of the enzymes (2 h at 4°C) and then incubated overnight at 37°C on sodium phosphate buffer. Following incubation, the gels were stained with 0.1% Congo red (v/v) for 1 h and then destained with sodium chloride (1M) for 1 h.
Results
Endoglucanase activity
For all the fungi, but particularly P. communis and N. patriciarum, endoglucanase activity was substantially higher on the cellulosic substrates, Avicel and filter paper, than on glucose or xylan ( Table 1 ). The increased enzyme activity observed did not appear due only to more extensive growth, as indicated by the protein levels at 96 h among the substrate and species (Table 1) . Further, the higher activity of P. communis and N. patriciarum as compared to N. frontalis and O. joyonii is also not simply due to greater growth (Table  1) . When grown on the cellulosic substrates all the fungi showed a substantial increase in extracellular endoglucanase activity between 72 and 96 h (data not shown). This increase in activity did not, however, relate to a large increase in growth during this period. At all sample times, the majority of endoglucanase activity was extracellular, with the proportion of the activity extracellular increasing with the age of the culture.
Xylanase activity
At 96 h N. frontalis, N. patriciarum and O. joyonii all had their highest xylanase activity with xylan as the substrate. Even with the extent of growth taken into account (Table 1) , the activity per µg cell protein would still be higher on xylan at 96 h for all three fungi, with the activity being lowest on the cellulosic substrates for N. patriciarum and N. frontalis. Unlike the other fungi, P. communis demonstrated little difference in xylanase activities between the different substrates. Figure 1(a) ]. However, there did not appear to be any new bands apparent in the extracellular fraction when grown on the cellulosic substrates, although the band at 45 kDa was more intense than when glucose or xylan were the substrates. Only the high molecular weight bands ( > 100 kDa) were evident in the cell-associated fraction. N. frontalis had endoglucanase banding patterns very similar to those of N. patriciarum, both in the influence of the substrate on the banding pattern and in the molecular weights (data not shown). P. communis had numerous bands exhibiting endoglucanase activity, ranging from 40 to 175 kDa [ Figure 1(b) ]. When grown on the cellulosic substrates, new bands Fibrolytic Activities of Anaerobic Fungiof activity at 55 kDa and smaller were evident in the extracellular fraction and bands at 73 and 100 kDa were much more intense. Filter paper-grown cultures exhibited further smaller activity bands at 46 and 52 kDa. As with N. patriciarum, the cell-associated fraction had only the higher molecular weight bands, with no difference evident between substrates. Active endoglucanase bands of O. joyonii did not include the smaller molecular weight bands of the other fungi, with the endoglucanase bands of O. joyonii ranging 90 to 190 kDa (data not shown). When grown on the cellulosic substrates a new activity band at 55 kDa was seen in the extracellular fraction. No other activity bands smaller than 90 kDa were seen. As with the other fungi only the high molecular weight bands were seen in the cell-associated fraction. Endoglucanase zymograms of the three time periods, 48, 72 and 96 h, showed no differences in the banding patterns (data not shown). Dark bands within the clearing zones have previously been attributed to an acid protein or enzymatic product [7] .
Xylanase banding profiles of N. patriciarum demonstrated differences in the regulation of the numerous isozymes when the organism was grown on different substrates [ Figure 2(a) ]. Numerous intense bands were found in the range of 40-65 kDa, with higher molecular weight activity bands clearly evident. P. communis also demonstrated significant regulatory differences, with high levels of production of lower molecular weight isozymes (40-55 kDa) produced from growth on Avicel and filter paper [ Figure 2(b) ]. Activity bands at 63 and 95 kDa also seem to have been prevalent when filter paper was the substrate. It is uncertain why the filter paper and Avicel activities, as determined by quantitative measurement, are at variance with intensity of the activity bands seen in the zymogram. N. frontalis displayed some banding differences between substrates with the appearance of new bands and changes in band intensity, most notably a new band at 47 kDa when grown on Avicel and filter paper (data not shown). There appeared to be far fewer isozymes produced by N. frontalis than N. patriciarum, consistent with the lower activity of N. frontalis. O. joyonii displayed fewer bands of extracellular xylanase activity, ranging from 50 to 175 kDa in size, with the appearance of a 53 kDa band on Avicel and filter paper being the only apparent difference among substrates (data not shown).
In all cases basal production of multiple high molecular weight isozymes was apparent. Similar to the endoglucanase activity the cell-associated fraction displayed only the higher molecular weight bands in almost all cases, exceptions being a 56 kDa band of N. patriciarum on xylan and a 95 kDa band of P. communis on filter paper ( Figure 2) . As was observed in the endoglucanase activity, the time of growth did not appear to have any effect on the banding patterns, only on the intensity of activity (data not shown).
Discussion
When anaerobic fungi are known to have high cellulolytic and xylanolytic activities, comparisons have been difficult to make because of the different experimental conditions employed and the similarity of the fibrolytic enzyme systems of the different genera is uncertain. In the present experiment, while the amount of endoglucanase activity varied quite substantially among the fungi there were many similarities to be seen. Not unexpectedly, activity was higher at 96 than 72 h, with the activity becoming increasingly extracellular in nature over time. In agreement with previous findings [12] , the shift toward extracellular activity was not a consequence of lysis, as there was no accompanying loss of cellassociated activity or protein.
Consistent with other reports [12, 23] , all the fungi produced basal levels of endoglucanase, but could have these levels increased by the cellulosic substrates, Avicel and filter paper. Similarly, Williams et al. [10] stated that cellulolytic and xylanolytic enzyme synthesis was repressed in the presence of glucose to a basal constitutive level in two non-ruminal Piromyces spp. and a ruminal Neocallimastix sp. In the present experiment this regulation was only evident in the extracellular fraction with the cell-associated activity relatively constant across substrates but comprising only a small percentage of the total activity.
Xylanase activity in these fungi was, in many respects, similar to the endoglucanase activity. Xylanase activity was highest at 96 h and was predominantly extracellular, in agreement with previous reports [5, 6] . It is, perhaps, interesting that P. communis did not have higher activity on xylan, similar to Teunissen et al. [7] whose results indicated a Piromyces sp. displayed more xylanolytic activity on filter paper than xylan. This may be a reflection of substantially different xylanase enzyme systems within the Piromyces genus.
Zymograms of endoglucanase activity indicated differences among the fungi. N. patriciarum and N. frontalis were quite similar, and when grown on the cellulosic substrates there did not appear to be any new bands or substantial increases in the intensity of any specific bands. It has been suggested that these isolates may not actually be separate species [2] .
O. joyonii and P. communis both displayed new activity bands and increases in the intensity of specific bands when grown on the cellulosic substrates, suggesting specific endoglucanases are induced or derepressed. Such specific endoglucanase regulation was not seen for N. patriciarum and N. frontalis. In contrast, endoglucanase isozymes of a non-ruminal Piromyces sp. were not found to differ among growth substrates [7] . Our results are contradictory to other previous work with another N. frontalis isolate that apparently produced several new endoglucanase isozymes on a cellulose substrate as compared with glucose [12] . However, in this case the results may also have reflected the denaturing conditions used in the present experiments as opposed to the native zymograms employed by Barichievech and Calza [12] . Thus, the differences may be a reflection of the quaternary complexing of individual endoglucanases, or the presence of high molecular weight protein complexes [24] . Of course, the results may reflect actual differences between the two N. frontalis isolates.
Xylanase zymograms displayed substantially different substrate-dependent banding patterns for all the fungi. While there were no bands corresponding to the two 12.5 kDa endoxylanases previously purified from a Piromyces sp. [25] , the substantial band around 56 kDa observed in N. patriciarum may correspond to the 58 kDa xylanase band from this same strain as expressed in Escherichia coli [26] . Zymograms of xylanase activity in the cell-associated fraction were similar to those for endoglucanase activity, in that only the high molecular weight bands were present. The lower molecular weight bands of both activities seem to be exclusively found in the extracellular fraction, and it is possible that the higher molecular cellassociated bands undergo post-translational processing to produce the smaller extracellular bands.
The results strongly suggest that the enzyme systems of each fungal species are quite unique, in contrast to the conclusion of Williams et al. [10] . This may be explained as functional similarity arising from systems with structural and regulatory differences, with the implication of some isolates holding more potential for commercial application than others.
